et al., 1994a , 1994b Fariñ as et al., 1994; Jones et complemented by experiments on Reelin-positive cortical neurons in culture and, together, demonstrate a role al., 1994), underscoring the importance of neurotrophins as physiological target-derived survival factors in the for BDNF as a negative regulator of Reelin expression and a signal for CR cell development. peripheral nervous system. In contrast, the survival of many subpopulations of central neurons known to express neurotrophin receptors and to respond to exogeResults nous neurotrophins in vitro and in vivo is not compromised by disruption of neurotrophin genes. Initial Elevated Reelin Expression in Cortical CR Cells of Mice Lacking BDNF studies on developing central neurons of neurotrophin knockout mice were hampered by the relatively short Previous studies (Marty et al., 1996; Brunstrom et al., 1997) and our own data (see below) indicate that CR survival times of these animals, typically of a few days after birth. By extending the survival of these animals for cells express TrkB receptors and have the capacity to respond to BDNF, suggesting that this neurotrophin up to 2-3 weeks and combining several gene mutations, more recent studies have revealed that neurotrophins, could act directly on these cells to regulate gene expression and survival. During normal development, very low in particular brain-derived neurotrophic factor (BDNF) and its receptor tyrosine kinase TrkB, are necessary for BDNF expression can first be detected in the rodent brain at embryonic day 13 (E13), with little change until the survival of neurons in several regions of the postnatal brain, including the hippocampus, cortex, basal forethe second postnatal day (P2), after which BDNF levels increase rapidly, with a peak at P14 (Friedman et al., brain, and cerebellum (Minichiello and Klein, 1996; Alcantara et al., 1997; Fagan et al., 1997; Schwartz et al., 1991; Timmusk et al., 1994) . This pattern of expression is even more pronounced in the cerebral cortex, where 1997). Nevertheless, the reductions in neuron number reported so far have been relatively mild, and in no case BDNF is virtually undetectable before birth (Timmusk et al., 1994) . BDNF upregulation coincides with the time has mutation of a neurotrophin or trk gene resulted in the complete disappearance of an anatomically or chemicourse of decline in Reelin levels and the disappearance of CR cells that occur during the normal development cally distinct subpopulation of central neurons. Taken together, the available data on the developmental roles of the postnatal rodent brain (Derer and Derer, 1990; Schiffmann et al., 1997) , suggesting that BDNF could of neurotrophins and their receptors in the central nervous system suggest the existence of redundant surbe involved in several of these events. We examined Reelin mRNA expression in CR cells of vival pathways or alternative roles for neurotrophins in central neurons, such as in the control of gene expresthe marginal zone in brains of wild-type and BDNF Ϫ/Ϫ mice at P0, P5, P11, and P18 by in situ hybridization. sion and cell fate.
The work presented here addresses the role of BDNF Levels of Reelin mRNA expression per cell were quantified by image analysis of hybridized tissue sections. No in the development and function of cortical CR cells. For this purpose, we have examined CR cells in BDNF difference in the levels of Reelin mRNA per cell could be detected between wild-type and BDNF Ϫ/Ϫ mice at knockout mice during the initial period of expression of this neurotrophin in the postnatal cerebral cortex and P0 ( Figure 1A ), when levels of BDNF mRNA in normal cerebral cortex are still below detection levels (Timmusk in transgenic mice overexpressing BDNF prior to the onset of endogenous production. These studies were et al., 1994). However, elevated levels of Reelin mRNA were seen in marginal zone cells of BDNF Ϫ/Ϫ mice, comdownregulation of Reelin expression in cells of the marginal zone and that, in addition, this neurotrophin may pared with wild-type, at both P5 and P11 ( Figures 1A,  1C , and 1D), coincident with the onset of BDNF mRNA be a survival factor for a subpopulation of Reelin-positive cells at later stages (ՆP11) of postnatal develexpression in normal cortex (Timmusk et al., 1994) . Thus, while Reelin expression declined steadily in wild-type opment. mice, high levels were maintained in the cortex of BDNF knockout mice during the first two postnatal weeks, BDNF Downregulates Reelin Expression in Cortical Neurons in Culture indicating a protracted period of Reelin expression in the absence of BDNF. During this period, no significant
We investigated further the possibility that Reelin is a direct target gene of BDNF by studying the responses differences in the number of cells expressing Reelin mRNA could be seen between wild-type and BDNF Ϫ/Ϫ of cortical neurons in culture to acute BDNF treatment. Dissociated cultures of E16 rat cerebral cortex were mice ( Figure 1B ). However, a significant decrease in the number of Reelin-positive cells was observed in the exposed to BDNF for either 12 hr, 2 days, or 5 days, after which Reelin expression was studied by RNase marginal zone of BDNF -/-mice at P18, about the longest survival time of these animals ( Figure 1B ). At this time, protection assay (RPA) and immunocytochemistry. At this time of development, all Reelin-positive neurons in the surviving Reelin-positive cells in the marginal zone of BDNF Ϫ/Ϫ mice expressed lower (i.e., comparable to the cerebral cortex are confined to the marginal zone. An anti-Reelin monoclonal antibody stained several neuwild-type) levels of Reelin mRNA ( Figure 1A ), perhaps a consequence of the process of the degeneration of rons of a characteristic bipolar morphology in these cultures (Figures 2A and 2B ). Intriguingly, staining in the these cells in the absence of BDNF. Together, these data suggested that BDNF is required for the developmental axons was punctated ( Figure 2C) , and in the cell body,
Reelin staining was confined to one half of the cell soma ( Figure 2C ). Importantly, double-staining experiments indicated that Reelin-positive cells in these cultures expressed the BDNF receptor TrkB ( Figure 2D ). BDNF treatment reduced Reelin staining in these cultures at all three time points tested without affecting the total number of Reelin-positive cells ( Figure 2E and data not shown). Blind scoring of staining intensity by two independent observers showed that BDNF increased the proportion of cells expressing low levels of Reelin, whereas it decreased the proportion of highly expressing cells ( Figure 2E ). Neurotrophin-4 (NT-4), another neurotrophin agonist of the TrkB receptor, had a comparable effect on BDNF ( Figure 4E ), while neurotrophin-3 (NT-3), which predominantly acts via the TrkC receptor, was not different from control (data not shown). BDNF also downregulated Reelin mRNA expression in these cultures at all three time points to about 50% of control levels, as assessed by RPA ( Figures 2F and 2G ). The relatively rapid kinetics of this regulation suggest direct effects of BDNF on Reelin-expressing cells. A comparable downregulatory effect on Reelin mRNA was also seen after the second treatment with NT-4 ( Figure 2G ). Combined, these data suggest that activation of TrkB receptors by either BDNF or NT-4 can directly regulate Reelin expression in developing neurons of the cerebral cortex.
Reduced Reelin Expression in CR Cells of Transgenic Mice
Overexpressing BDNF Our data on BDNF Ϫ/Ϫ mice and cortical neurons in culture indicated that Reelin is a direct effector of BDNF during normal development, and, although in vivo this tin-BDNF transgenic mice overexpress BDNF under the control of the promoter and enhancer regions of the nestin gene, an intermediate filament gene widely expressed in neuronal precursors and developing neurons brain homogenates, as determined by two-site enzyme immunoassay, vary between 10 and 60 ng/g tissue in throughout the central and peripheral nervous systems (Zimmerman et al., 1994; Dahlstrand et al., 1995) . Mouse different transgenic embryos, while the level of BDNF in total brain homogenates from control animals is in embryos expressing the nestin-BDNF transgene have a normal external appearance throughout gestation but the order of 1-2 ng/g tissue. We examined the expression of Reelin mRNA and die shortly before or right after birth of what appears to be a cardiorespiratory malfunction (T. R. and C. F. I., protein in the brains of nestin-BDNF transgenic mice by in situ hybridization and immunohistochemistry. In unpublished data). Most transgenic embryos show significantly higher levels of BDNF mRNA in the brain than contrast to control mice, which showed a continuous band of cells expressing high levels of Reelin mRNA control littermate animals, primarily in the ventricular zone and cerebral cortex (Figure 3 ). The peak of BDNF ( Figures 4A and 4C ), labeling was lower and sparser in the marginal zone of E18.5 transgenic mice (Figures 4B mRNA expression in the brain is seen between E14.5 and E15.5; levels of expression vary by a factor of ‫01ف‬ and 4E). In agreement with the mRNA data, levels of Reelin protein were greatly reduced in the marginal zone between different transgenic embryos, probably owing to differences in transgene integration site and copy of transgenic mice (Figures 4G and 4H) . At higher magnification, several cells expressing Reelin mRNA formed number, as each embryo arises from an independent pronuclear injection. At E14.5, BDNF protein levels in clusters in the marginal zone ( Figures 4E and 4F ). The low levels of Reelin mRNA expression in the cortex of marginal zone ( Figure 6D ), similar in appearance to those previously reported to be induced by exogenous admintransgenic mice could not satisfactorily be accounted for by a decrease in the number of cells expressing istration of NT-4 (Brunstrom et al., 1997) . In addition to invaginations and heterotopias, portions of the cortex Reelin mRNA, as this was not significantly reduced, compared with controls (data not shown). We therefore of transgenic mice were devoid of marginal zone ( Figure  6C ). Less pronounced and less abundant defects were quantified the level of Reelin mRNA per cell and found, on average, a 50% reduction of expression in cells of also seen in the brains of E15.5 transgenic mice, while E18 transgenic mice, a value that was in good agreement with the data that we obtained in vitro. Quantification of the levels of BDNF mRNA in the same transgenic embryos revealed a strong negative correlation between BDNF and Reelin mRNA levels in CR cells of nestin-BDNF mice (Figure 5 ), thus bringing further support to the notion that BDNF is a negative regulator of Reelin expression.
Morphological Abnormalities in the Cortex of nestin-BDNF Transgenic Mice
Next, we investigated the effects of BDNF overexpression and Reelin downregulation in the brains of nestin-BDNF mice. Histological analysis of sections from E18.5 transgenic brains revealed a grossly aberrant cortical architecture. Fifteen of 17 transgenic animals analyzed at this age showed multiple microgyric sulcus formations consisting of invaginations of the marginal zone into the underlying cortical plate ( Figure 6B ). The invaginations distorted the normal radial architecture of the underlying cells, which instead oriented themselves per- in Transgenic Mice Overexpressing BDNF Because one of the major cell types in the marginal zone is the CR cell, we examined the expression of the CR cell marker calretinin in sections of E18 transgenic brains the transgenic marginal zone showed clusters of Reelin- (Figure 7) . In contrast to control animals, calretinin labelpositive cells flanked by areas devoid of Reelin or calretiing in the marginal zone of transgenic mice was disconnin staining (Figure 8 ). Despite the paucity of calretinin tinuous, with stretches of marginal zone devoid of calretstaining, the marginal zone of transgenic mice contained inin-positive cell bodies and aggregations of CR cells normal numbers of calretinin-positive neurons. of abnormal morphology in microgyric sulci ( Figure 7D ). In some cases, loose bundles of calretinin-positive fibers entering into the cortical plate were also seen in Aberrant Lamination of the Cerebral Cortex of nestin-BDNF Transgenic Mice transgenic brains ( Figure 7E ). Invaginations in the marginal zone of transgenic mice were filled with calretininFinally, we examined cortical organization in transgenic mice overexpressing BDNF. Immunostaining for micropositive cell bodies and fibers ( Figure 7G ). Double labeling of calretinin and Reelin in these sections revealed tubule-associated protein-2 (MAP-2), a marker of differentiated neurons, was found in a characteristic layered colocalization of these two proteins in the CR cells of control and transgenic mice (Figure 8) . Invaginations of pattern in the cerebral cortex of control E18 mice in which the marginal zone, the subplate, and an intermedicentral and deeper parts of the cortical plate in E18 normal mice, with few or no cells in the outer layers of the ate layer (possibly future layer V) could be clearly distinguished ( Figures 9A and 9C ). In contrast, transgenic cortex or in the marginal zone ( Figure 10B ). In contrast, several BrdU-labeled cells in transgenic mice were cerebral cortex showed a more uniform distribution of MAP-2 labeling without clearly delineated layers (Fig- found in more external cortical layers ( Figure 10F ), suggesting that these might contain cells originally destined ures 9B and 9D). Although a cortical subplate could be distinguished in the majority of the transgenic animals for the cortical plate. In both normal and transgenic animals, the neuroepithelium in the ventricular zone was examined by MAP-2 immunostaining, this was often distorted, with pronounced waves and occasional gaps largely devoid of labeled cells ( Figures 10A and 10E) . In E18 control animals that had been labeled at E15.5, a ( Figure 9B ).
The process of cortical lamination was investigated well-defined band of BrdU-labeled cells was found in the outer layers of the cortical plate close to the marginal directly by examining at E18 the fate of cells that had been pulse labeled with bromodeoxyuridine (BrdU) at zone, while few labeled cells were seen in the neuroepithelium ( Figures 10C and 10D ). In contrast, fewer BrdUeither E13.5 or E15.5. Labeling with BrdU at E13.5 resulted in a broad band of BrdU-positive cells in the labeled cells, scattered throughout the cortical plate, were found in E18 transgenic mice that had been labeled and altered morphology and disorganization of CR cells. These effects, on the other hand, appear to be the result at E15.5 ( Figure 10H ), while dense labeling was found in the neuroepithelium and intermediary migratory zone of the direct action of BDNF on CR cells, which were found to express TrkB receptors, suggesting that this in these animals ( Figure 10G ). These results indicated a disturbed lamination of the cortical plate in transgenic neurotrophin is capable of affecting several aspects of the development of these cells, such as gene expresmice, with several early born neurons reaching out all the way into the marginal zone, and many later born sion, migration, differentiation, and survival. Although the level of Reelin expression per cell is lower in neurons that did not migrate into the outer layers of the cortex and remained instead in deeper layers. These transgenic mice overexpressing BDNF, double-labeling experiments indicate that the invaginations of the marabnormalities are similar to the phenotype of reeler mice, which are deficient in Reelin expression (Caviness, ginal zone do contain aggregations of Reelin-expressing CR cells, which as such could represent localized sites Jr. et al., 1988; Ogawa et al., 1995) .
of greater Reelin production, as compared with regions of the marginal zone devoid of invaginations. This localDiscussion ized concentration of Reelin-expressing cells could perhaps promote the formation of invaginations in the marWe have investigated activities of the neurotrophin BDNF in the developing central nervous system using ginal zone in BDNF-overexpressing mice. Although less abundant, the heterotopias observed animal models with either deficient or increased BDNF signaling, as well as dissociated neuronal cultures, and in nestin-BDNF mice are similar to those described by Brunstrom et al. (1997) after exogenous administration found an unexpected regulatory interaction between this neurotrophin and the extracellular matrix protein of purified NT-4 to organotypic slice cultures and embryos in utero. Interestingly, that study found exogenous Reelin. Reelin expression was found to be under the negative control of BDNF, both in vivo and after acute application of BDNF to be much less effective than NT-4 at inducing heterotopias (Brunstrom et al., 1997) , which stimulation in vitro, suggesting that Reelin is one direct effector of this neurotrophin during brain development.
could be due to differences in the way cells respond to these two factors. These authors ruled out increased Reelin, which is required for the normal lamination of the cortex during embryonic development, is downreguproliferation or decreased cell death as mechanisms of generation of NT-4-induced heterotopias and proposed lated during normal postnatal development as cortical lamination and brain maturation are being completed.
that NT-4 and, to a lesser extent, BDNF promoted tangential migration into the marginal zone of excess neuThis downregulation of Reelin expression is dependent on BDNF, as it was significantly delayed in the absence rons cogenerated with normal marginal zone cells. A similar mechanism could be the origin of the heterotopias of this neurotrophin, suggesting that BDNF acts as a cortical maturation factor. The abnormalities observed seen in the marginal zone of nestin-BDNF transgenic mice. in the brain of nestin-BDNF transgenic mice may therefore be the consequence of the premature expression
In addition, the fact that E13 BrdU-labeled cells were seen in the marginal zone of transgenic mice suggests of a maturation signal in an otherwise immature brain. Many of the defects observed in these mice, including that some of the heterotopias observed in these animals might contain cells originally destined for the cortical aberrant lamination and inverted cortical layering of the cerebral cortex, resemble the phenotype of reeler muplate. In the same study, Brunstrom and colleagues also reported invaginations of the marginal zone after treattant mice, and some of these could therefore be the result of the profound reduction in Reelin levels proment with NT-4, but not BDNF, of organotypic slice cultures that were filled with heterotopic collections of duced by BDNF overexpression. nestin-BDNF mice are not, however, a precise phenocopy of the reeler mutacells (Brunstrom et al., 1997 vented in the absence of BDNF, in the third postnatal week, cells expressing Reelin appear to require BDNF noise, the images were sharpened by applying an Erode filter followed by a Dilate filter, and then segmented into foreground and background by a threshold that was held constant throughout all Experimental Procedures measurements. Individual cells were then outlined manually, and the total foreground area was recorded. These measurements could Transgenic Mice not be done blind to the genotype of the animals, owing to the The generation of BDNF -/-mice has been described previously (Ernobvious phenotype of the transgenic animals. The gene-targeted fors et al., 1994b). The nestin-BDNF construct consisted of a region mice and their littermate controls were assessed independently by extending 5.8 kb upstream from the initiation codon of the mouse the same procedure, except that the Erode/Dilate steps were renestin gene (Zimmerman et al., 1994) , followed by a 1 kb fragment placed by a single application of the 3 x 3 Sharpen filter, which from the fifth exon of the mouse BDNF gene containing the complete appeared better at separating the grains from the background. BDNF protein coding sequence, a 300 bp SV40 polyadenylation These measurements were done by an observer who was blind to signal, and 5.4 kb of nestin gene downstream sequence, including the genotype of the mice. Measurements over unstained cells using introns 1, 2, and 3 (Zimmerman et al., 1994) . The construct was the same procedure were used to correct for background. injected into fertilized mouse oocytes that were subsequently transplanted into pseudopregnant females. Transgenic embryos were RNase Protection Assay and Enzyme Immunoassay identified by PCR.
Cultures were homogenized in guanidine isothiocyanate (GITC) and ␤-mercaptoethanol. For RNA extraction, 1/10 volume of 2 M sodium acetate (pH 4.0) was added, followed by phenol/chloroform extracCell Culture Dissociated cultures of embryonic rat cortex were prepared as detion and ethanol precipitation. A riboprobe was made from a cDNA fragment of the mouse reelin gene (GenBank accession number scribed previously (Lu and DiCicco-Bloom, 1997) , with the exception that embryos were taken on the sixteenth day of gestation, and AA268883) with a kit of reagents from Promega. RPA was performed on 5 g of the total RNA with a kit of reagents from Ambion, accells were plated at high density (1.5 ϫ 10 6 cells/cm 2 ) to minimize death. Recombinant neurotrophins BDNF, NT-3, or NT-4 (Regeneron cording to the instructions of the manufacturer. RPA gels were analyzed in a Storm 840 phosphorimager with ImageQuant software Pharmaceuticals) were added at 50 ng/ml at the time of plating. Cultures were maintained in serum-free, defined media (N2) for 12 (Molecular Dynamics). Enzyme immunoassay for BDNF was performed as previously described (Nawa et al., 1995). hr for 2 or 5 days; at these times, the cultures consisted of Ͼ90%
